In this paper, we discuss the compression results of full color 3D Integral Images (II) by MPEG-2 (Motion Picture Experts Group). II is a popular three-dimensional image video recording and display technique. The huge size of II data has become a practical issue for storing and transmitting of 3D scenes. The MPEG is a standard coded representation of moving pictures. We model the elemental images in II as consecutive frames in a moving picture. Therefore, MPEG scheme can be applied to take advantage of the high cross-correlations between elemental images. We also introduce several scanning topologies along the elemental image sequences and investigate their performance with different number of pictures in GOP (Group of Picture). Experimental results are presented to illustrate the image quality of the MPEG-2 and the baseline JPEG with the same compression rate. We show that a well-known and widely-available MPEG-2 scheme can be a good alternative for II compression.
Introduction
There has been great interest in three-dimensional (3D) imaging and visualization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Integral photography (IP) or integral imaging (II) is one of the technologies considered for 3D image recording and display [1] [2] [3] [4] [5] [6] [7] . II uses a pinhole array or a lens array as shown in Fig. 1 . It records 3D information of the directions and intensities of optical rays from objects. The 3D scene can be reconstructed by generating a pseudoscopic real image by propagating the elemental images through the lens array. The pseudoscopic real image is formed by the rays of opposite directions and the same intensities from the display device. II provides autostereoscopic images without coherent illumination. It has continuous horizontal and vertical parallax, continuously varying viewpoints, and real perspectives. Recently, computational reconstruction method of II has been developed with various techniques [10, 12, 13] .
II reconstruction method with improved field of view and viewing angle were developed using Synthetic Aperture Integral Image (SAII) optically or digitally [11, 12] . In [13] , 3D image correlation technique was applied to II for recognition of 3D objects and their locations.
The size of II data can be huge, especially with full color components. Therefore, it has become a critical issue to handle such a large data for practical purposes such as storing on a media device or transmitting in real time. In [14] , a compression method based on 3D Discrete Cosine Transform (DCT) was specially developed for unidirectional II. Adaptive quantization strategy was developed based on 3D-DCT in [15] . In [16] , Karhunen-Loeve (KL) transform was used to compress ray information for II display.
In this paper, we present II compression by MPEG (Motion Picture Experts Group). The II is converted to a video stream which is compressed by MPEG-2. The MPEG-2 efficiently compresses each elemental image and exploits the correlation between them. Comparison is made with II compression using the JPEG (Joint Picture Experts Group). We also introduce three types of scanning topologies for elemental images and investigate their compression performance.
II system generates many elemental images. These elemental images can be considered as consecutive frames in a moving picture for the purpose of compression. The high similarity between the elemental images can be used for compression using MPEG. MPEG deals with only the same size of elemental images. In contrast, the large number of pixels may deteriorate the performance of the JPEG. Another advantage of the MPEG is its wellestablished and fast-developing standard.
The paper is organized as follows. We briefly review the video part of the MPEG-2 encoder in Section 2. In Section 3, we discuss three types of compression topologies and evaluation parameters. Experimental results are presented in Section 4, and conclusions follow in Section 5.
3D Object
Microlens array CCD Fig. 1 . Optical system for generating integral images of a 3D object
Background on MPEG-2
In this section, we briefly review the video part of MPEG-2 encoder. MPEG-2 is the ISO standard 13818 (or ITU-T Recommendation H.262), Generic coding of moving pictures and associated audio [17] . It is a popular coding technique for moving pictures and associated audio information on digital storage media. JPEG corresponds to the ISO/IEC international standard 10918-1~3, Digital compression and coding of continuous-tone still images or to the ITU-T Recommendation T. 81~4. It has been developed to compress still images and became widely used [17] [18] [19] [20] [21] [22] [23] [24] [25] . The basic scheme of the video part of MPEG-2 encoder is shown in the block diagram of Fig. 2 . During preprocessing, the encoder performs color conversion to YCbCr with sampling reduction of 4:2:0 or 4:2:2. Y is the luminance component and Cb and Cr are the chrominance components. MPEG has two strategies for video compression. One is " intraframe coding" and the other is "interframe coding." The former one is similar to still image compression by JPEG. For the latter one, MPEG subtracts macroblocks established with the motion vector and performs DCT coding of their difference. For the interframe coding, motion estimation yields the optimal motion vector of macroblocks. During the motion compensation, the prediction errors of moving pictures are computed between the best-matching macroblocks in different frames. The macroblock is the smallest coded unit. It consists of four 8×8 blocks of Y, one 8×8 block of Cb, and one 8×8 block of Cr. GOP is the highest layer in MPEG. A GOP is composed of a series of consecutive pictures. A picture can be regarded as one of 3 types: intra (I), predicted (P), and bidirectionally predicted (B) pictures. I-pictures are coded without motion compensation, i.e. I-pictures are coded by the intraframe coding. P-pictures are coded using motion compensated prediction from past I or P-pictures. B-pictures are coded using motion compensated prediction from either past and/or future I or P-pictures. B-pictures provide the highest compression rate. A sequence of I, P, and B-pictures in a GOP is shown in Fig. 3 . Figure 3 illustrates the GOP with N = 6 and M = 3. N is distance between I pictures and M is distance between consecutive I or P pictures.
After block-based DCT coding, a quantization matrix and a quantization scale factor decides the quantization coefficients. There are different quantization schemes for I, B, and Ppictures. They also depend on the type of macroblocks (inter or intra macroblocks), and values of the DCT coefficients [17] . The Variable Length Coding (VLC) is the final process for MPEG. MPEG adopts Huffman coding for lossless compression of motion vectors and quantized DCT coefficients for VLC.
MPEG-2 defines several profiles and levels for non-scalable mode and scalable mode. They have the upper bounds for picture resolution, frame rate, and bit rates [17] . 
Compressing integral images using MPEG-2
The elemental images in II are a consecutive image set of one common scene from the micro lens array. They contain different perspectives and depth information of 3D objects. Although JPEG is a representative coding skill for a still image, we apply a well-defined motion picture algorithm to compress the elemental images of II. MPEG takes advantages of the correlation between the elemental images. We consider one elemental image as a frame in a moving picture for the compression by MPEG. We consider 3 different scanning topologies for elemental images in II. Figure 4 shows these three types of scanning topologies. Parallel scanning is a sequential scanning in parallel direction. It's suitable for II with different size in horizontal and vertical directions. Perpendicular and spiral topologies are other scanning methods to minimize motion compensation between elemental images. The spiral scanning can be adopted if more focused images are located at the center of II. It is noted that some elemental images can be blurred when captured if they are far from optical axis. 
Experimental results
In this section, we present the experimental results for II compression. Figure 1 illustrates optical system for capturing 3D scenes. It is composed of 3D objects, a micro lens array, an imaging lens, and a CCD camera. The focal length of each micro lens is about 3 mm, the effective focal length of the imaging lens is 50 mm, and the f-number of the imaging lens is 2.5. The imaging lens is inserted between the lens array and CCD camera due to the short focal length of the lenslets.
Three objects in Fig. 5 are used to obtain the elemental images from the 3D scenes. The size of rectangular traffic sign plate is 2.3 cm × 2.3 cm × 0.35 cm, the diameter of circular traffic sign plate is 2.3 cm, and the size of toy car is 2.5 cm × 2.5 cm × 4.5 cm. The distance between CCD camera and imaging lens is 7.2 cm, and the distance between micro lens array and imaging lens is 2.9 cm. Two different 3D scenes noted as II- (1) and II-(2) are used in the experiments. For II-(1), as shown in Fig. 5(b) , the rectangular plate and the circular plate are apart from the micro lens array by 10.5 cm and 12.3 cm, respectively. For II-(2), as shown in Fig. 5(c) , the toy car and two traffic sign plates are apart from the micro lens array by 12 cm, 13 cm, and 14 cm, respectively. The detailed specifications for 3D scenes are presented in Table 1 . Figure 6 (a) and 6(c) show original elemental images of two different 3D scenes of II-(1) and II-(2), respectively. The original II requires 24 bits per pixel for storing. Eight bits are assigned to each color component. MPEG supports several parameters to be adjusted. During experiments most parameters were set at "default." The profile and level ID were set at both "Main" in non-scalable mode. 4:2:0 sub sampling format is applied during preprocessing in MPEG-2.
Search width and height for motion estimation are limited by f-code which specifies the maximum length of the motion vector. Search width and height were chosen heuristically when better results were produced. The bit rate was set at 4×10 5 bits/s, and the frame rate was set at 30 frames/s for II- (1) Table 2 shows detailed experimental results for II-(1) and II- (2) . The PSNR and SNR of MPEG-2 are larger than those of JPEG. It is noted that MPEG-2 depends on high similarities between elemental images. Fig. 4 . The spiral scanning topology provides better result for II-(1) scene and the perpendicular and spiral scanning topologies provide better results for II-(2) scene. This is because elemental images for interframe coding are closer to each other when the perpendicular and spiral scanning topologies are used. Closer elemental images result in smaller and more exact motion compensation. This may be also due to the effect of having blurred elemental images which are located near the edge of 3D scenes. Figure 9 and 10 show PSNR and SNR of decompressed images with different compression rates. Spiral scanning method are used with N = 6 and M = 3. Several compression rates of II are achieved by changing the bit rate with the fixed frame rate in MPEG-2 and changing the quality factor in JPEG. MPEG-2 TM codec supports adaptive quantization which can be controlled by bit rate or frame rate [27] .
As shown in Figures, the quality of decompressed images is better for MPEG-2 with higher compression rates. Bit rate for MPEG-2 corresponding to each compression rate is 6×10 5 
Conclusions
We have presented experiments on compression of 3D color integral imaging. MPEG-2 is adopted as our lossy compression scheme for II. We have investigated three scanning topologies of elemental images and their performance is evaluated. The image quality is compared between MPEG-2 and JPEG at the same compression rate. MPEG has shown to be a good compression alternative for II images. With fast developing MPEG standard, higher version of MPEG might be adopted for better performance.
